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Abstract N-copine is a novel two C2 domain protein that shows
Ca2-dependent phospholipid binding and membrane association.
By using yeast two-hybrid assays, we identified OS-9 as a protein
capable of interacting with N-copine. We further revealed that
the second C2 domain of N-copine bound with the carboxy-
terminal region of OS-9. Their interaction in vivo was also
confirmed by co-immunoprecipitation from 293E cells co-
expressing transfected N-copine and OS-9. In vitro binding
assays showed that this interaction was Ca2+-dependent. By
Northern blot analysis, N-copine and OS-9 were co-expressed in
the same regions of human brain. These results reveal that OS-9
is a potential target of N-copine.
z 1999 Federation of European Biochemical Societies.
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1. Introduction
The C2 domain was originally identi¢ed as a Ca2-binding
domain of protein kinase C-Q (PKC-Q) [1]. Its function now
includes Ca2-dependent and Ca2-independent phospholipid-
binding, inositol polyphosphate binding, Ca2 binding, and
interaction with other proteins [2^7]. Several proteins, such
as synaptotagmin, rabphilin-3A [8] and Doc2 [9,10], have
two C2 domains and constitute a family designated the ‘dou-
ble C2 domain protein family’ [11]. Members of the ‘double
C2 domain proteins’ are known to be involved in the trans-
port of synaptic vesicles during neurotransmitter release in
neurons [12,13].
Copines constitute a novel family of Ca2-dependent phos-
pholipid-binding proteins conserved from Paramecium to hu-
man [14]. In spite of the existence of two C2 domains, copines
do not belong to the ‘double C2 domain protein family’. Re-
cently, we identi¢ed a novel, brain-speci¢c member of the
copine family, N-copine, and suggested that it is involved in
the synaptic plasticity as a cytoplasmic Ca2 sensor [15,16].
Since the localization of N-copine di¡ers from that of ‘double
C2 domain proteins’ such as synaptotagmin and rabphilin, N-
copine must have di¡erent functions from those of ‘double C2
domain proteins’ [16]. However, functions of N-copine and
the copine family proteins are mostly unknown yet.
As a ¢rst step to elucidate the function of N-copine, we
searched for proteins interacting with N-copine by using the
yeast two-hybrid system. Here, we report that OS-9, a gene
frequently ampli¢ed in human sarcoma [17], is capable of
interacting with the second C2 domain of N-copine through
its carboxy-terminal region in a Ca2-dependent manner.
2. Materials and methods
2.1. Two-hybrid assay
The cDNA fragment corresponding to amino acids (aa) 240^428 of
mouse N-copine was subcloned into pLexA (pLexA-N-copine). The
yeast strain EGY48 that contains a reporter plasmid, p8op-lacZ, was
transformed with pLexA-N-copine and a mouse cDNA library con-
structed in pB42AD (Clontech). Transformants were grown on selec-
tion plates lacking leucine. Leu colonies were transferred to an X-gal
indicator ¢lter for L-galactosidase activity. Plasmids were recovered
from Leu and lacZ clones through Escherichia coli transformation.
The recovered plasmids were retransformed into EGY48 containing
p8op-lacZ and pLexA-N-copine to con¢rm the Leu and lacZ phe-
notype. A clone (pB42AD-OS-9) containing the carboxy-terminal re-
gion of OS-9 was isolated. To determine the region of N-copine in-
volved in binding with OS-9, the cDNA fragments encoding
subregions of N-copine (aa 1^161, 1^270, 141^270, 141^428, 240^
428, and 310^428) were ampli¢ed by PCR and subcloned into pLexA.
After co-transformation with pB42AD-OS-9 into the yeast strain
EGY48, L-galactosidase activity was determined by ¢lter assays.
2.2. Co-immunoprecipitation
A DNA fragment encoding the Flag epitope (DYKDDDDK) or
the HA epitope (YPYDVPDYA) with the methionine codon was in-
serted into the XbaI site of pEFBOS [18] to generate pEFBOS-Flag
and pEFBOS-HA. The cDNA fragments of mouse N-copine (aa res-
idues 1^161, 1^557, or 310^557) were ampli¢ed by PCR and sub-
cloned into pEFBOS-Flag. The cDNA fragment encoding the car-
boxy-terminal region of human OS-9 (aa 536^667) was subcloned
into pEFBOS- HA. 293E cells (2U106) were transfected with various
combinations of expression plasmids (5 Wg each) by using Lipofect-
amine Plus reagent (Gibco BRL). After 48 h, cells were lysed in 600 Wl
of lysis bu¡er (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 1%
Nonidet P-40) and immunoprecipitated with anti-Flag antibody (Ko-
dak). After washing ¢ve times with cold lysis bu¡er, immunoprecipi-
tates were analyzed by immunoblotting using anti-hemagglutinin
(anti-HA) (Boehringer Mannheim).
2.3. In vitro binding assay
The cDNA fragments corresponding to two regions of mouse N-
copine (C2A region, aa residues 4^161; C2B region, aa residues 141^
270) were ampli¢ed by PCR and subcloned into pGEX3T-3 to express
as glutathione S-transferase (GST) fusion proteins (Pharmacia). The
GST fusion proteins (GST-C2A, GST-C2B) were produced in E. coli
(DH5K) upon IPTG induction and a⁄nity-puri¢ed with glutathione-
Sepharose 4B beads following the instruction manual coming with
pGEX3T-3. The cDNA fragment encoding the carboxy-terminal re-
gion of human OS-9 (aa 536^667) was subcloned into pRSET-A (In-
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vitrogen). The carboxy-terminal region of OS-9 labeled with
[35S]methionine was prepared using TNT T7-coupled reticulocyte ly-
sate system (Promega). GST-C2A or GST-C2B (4 Wg) was immobi-
lized onto 20 Wl of glutathione-Sepharose 4B beads. The beads were
suspended in 500 Wl of bu¡er A (150 mM NaCl and 50 mM HEPES,
pH 7.4) containing the [35S]methionine-labeled carboxy-terminal re-
gion of OS-9 and gently mixed at 4‡C for 4 h in the presence of
1 mM CaCl2 or 1 mM EGTA. The beads were washed four times
with bu¡er A and bound proteins were eluted with 40 Wl of bu¡er A
containing 20 mM glutathione. The eluates were subjected to SDS-
PAGE and autoradiography.
2.4. Northern blot analysis
Multi Tissue Northern Blot membrane (Clontech) was hybridized
with 32P-labeled DNA probe corresponding to nucleotides 509^2019
of human N-copine cDNA. The same membrane was reprobed with
the cDNA corresponding to nucleotides 1690^2785 of human OS-9
cDNA.
3. Results
Using the yeast two-hybrid system, we searched for proteins
from a mouse brain cDNA library that were capable of bind-
ing to the region of aa 240^428 of N-copine. Among 1U107
total yeast transformants, 28 clones showed Leu and lacZ.
The cDNA derived from one of them encoded an amino acid
sequence with 90% identity to the carboxy-terminal region (aa
536^667) of human OS-9, which was originally identi¢ed as a
gene frequently ampli¢ed in human osteosarcoma [17]. There-
fore, we conclude that the isolated cDNA encodes a part of
the mouse counterpart of human OS-9 (GenBank accession
number U41635). However, the binding activity appeared to
be rather weak as indicated by the L-galactosidase assay.
Therefore, we further examined other regions of N-copine
for binding with the carboxy-terminal region of mouse OS-9
by the yeast two-hybrid system. As shown in Fig. 1, the sec-
ond C2 domain of N-copine had a strong binding activity.
Furthermore, all the fragments containing the second C2 do-
main were positive. Neither the ¢rst C2 domain nor the car-
boxy-terminal region of N-copine had such binding activities.
From these results, we conclude that the second C2 domain of
N-copine binds to the carboxy-terminal region of OS-9.
To con¢rm the binding between N-copine and OS-9 in vivo,
293E cells were transiently co-transfected with Flag-tagged N-
copine or its subregions and the HA-tagged carboxy-terminal
region of OS-9. The N-copine proteins were immunoprecipi-
tated from the cell lysates with anti-Flag antibody, and im-
munoprecipitates were analyzed by immunoblot using anti-
HA antibody. As shown in Fig. 2, HA-tagged OS-9 was co-
immunoprecipitated with Flag-tagged N-copine. In contrast,
the ¢rst C2 domain or the carboxy-terminal region of N-co-
pine did not co-precipitate OS-9. These results con¢rm that
N-copine, most probably through the second C2 domain,
physically interacts with OS-9 in mammalian cells.
Next, we wished to test whether the binding between the
second C2 domain of N-copine and the carboxy-terminal re-
gion of OS-9 was Ca2-dependent. We prepared fusion pro-
teins by coupling the ¢rst or the second C2 domain of N-
copine with GST and immobilized them by glutathione-Se-
pharose beads. The beads were incubated with the carboxy-
terminal region of OS-9 labeled with [35S]methionine in the
presence or absence of Ca2. Bound proteins were eluted with
glutathione and analyzed by SDS-PAGE and autoradiogra-
phy. As shown in Fig. 3, the carboxy-terminal region of OS-9
Fig. 1. Binding of N-copine and OS-9 in the yeast two-hybrid sys-
tem. The domain structure of N-copine is depicted with the relative
locations of the C2 domains and the OS-9 binding domain. Various
truncated N-copines were used to determine the OS-9-binding do-
main. Binding activities of truncated N-copines and OS-9 were ex-
amined by L-galactosidase assay. The number of plus signs corre-
sponds to blue color intensity on the X-gal indicator ¢lter.
Fig. 2. Interaction of N-copine and OS-9 in vivo. 293E cells were
transiently transfected with expression vectors for the indicated
tagged proteins. The cell lysates were subjected to immunoprecipita-
tion with anti-Flag antibody. Immunoprecipitates and the whole cell
lysates were immunoblotted with anti-Flag or anti-HA antibody. IP,
immunoprecipitation; W, Western blotting.
Fig. 3. Ca2-dependent binding of N-copine and OS-9. GST or
GST fused with the ¢rst or the second C2 domain of N-copine was
immobilized on glutathione-Sepharose beads and incubated with the
[35S]methionine-labeled carboxy-terminal region of OS-9 (aa 536^
667) in the presence or absence of Ca2. Bound proteins were eluted
with glutathione and subjected to SDS-PAGE followed by autora-
diography. Input shows the in vitro translated products of the car-
boxy-terminal region of OS-9.
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bound to the second C2 domain of N-copine only in the
presence of Ca2. No binding was seen without Ca2. Fur-
thermore, the carboxy-terminal region of OS-9 did not bind
to the ¢rst C2 domain of N-copine even in the presence of
Ca2. Thus, the second C2 domain of N-copine shows a
Ca2-dependent binding to the carboxy-terminal region of
OS-9.
Previously, we have shown that the expression of N-copine
mRNA is brain-speci¢c both in mouse and human [15].
Therefore, we examined the expression of OS-9 and N-copine
mRNA in various regions of human brain by Northern blot
analysis. The N-copine-speci¢c 2.2-kb transcript was detected
in all regions of human brain (Fig. 4). The OS-9-speci¢c 2.8-
kb transcript was also expressed ubiquitously in human brain.
These results show that N-copine and OS-9 mRNAs are co-
expressed in human brain.
4. Discussion
N-copine is a novel brain-speci¢c two C2 domain protein
and a member of a copine family which shows Ca2-depend-
ent phospholipid binding [15,16]. The C2 domain was origi-
nally identi¢ed as a Ca2-binding domain of PKC-Q [1]. Its
function now includes Ca2-dependent and Ca2-independent
phospholipid binding, inositol polyphosphate binding, Ca2
binding, and interaction with other proteins [2^7]. Here, we
show that the second C2 domain of N-copine interacts with
the carboxy-terminal region of OS-9 in the presence of Ca2.
Furthermore, N-copine and OS-9 are co-expressed in the same
regions of human brain. N-copine shows Ca2-dependent
phospholipid binding and is localized in the membrane in
the presence of Ca2 [16]. Therefore, N-copine may recruit
OS-9 at the plasma membrane in the presence of Ca2. The
N-copine gene was ¢rst identi¢ed as a gene whose expression
was up-regulated by neuronal activity such as kainate stimu-
lation and tetanus stimulation that evoke hippocampal CA1
long-term potentiation [15]. This suggests that N-copine is
involved in the synaptic plasticity in CNS. Therefore, N-co-
pine and OS-9 may play a role in a Ca2-dependent step of
synaptic plasticity.
Even though N-copine is speci¢cally expressed in the brain,
other members of the copine family are expressed ubiqui-
tously. Furthermore, the two C2 domains are well conserved
in all copine members. On the other hand, OS-9 mRNA has
been shown to be expressed in various human tissues [19].
Therefore, OS-9 may interact not only with N-copine in the
brain but also with other copine family proteins in other tis-
sues. OS-9 was identi¢ed as a gene frequently ampli¢ed in
human sarcoma [17]. However, little is known about its func-
tion. Also the role of the copine family proteins are mostly
unclear. The Ca2-dependent binding of N-copine and OS-9
may give us a clue to clarify their biological functions.
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